Encholirium horridum is a bromeliad that occurs exclusively on inselbergs in the Atlantic Forest biome of Brazil. These rock outcrops form natural islands that isolate populations from each other. We investigated gene flow by pollen through paternity analyses of a bromeliad population in an area of approximately 2 ha in Espírito Santo State, Brazil. To that end, seed rosettes and seedlings were genotyped using nuclear microsatellite loci. A plot was also established from the same population and specimens were genotyped to evaluate their fine-scale spatial genetic structure (SGS) through analyses of spatial autocorrelation and clonal growth. Paternity analysis indicated that 80% of the attributed progenitors of the genotyped seedlings were from inside the study area. The pollen dispersal distances within the area were restricted (mean distance of 45.5 m, varying from 3 to 156 m) and fine-scale SGS was weak (F ij = 0.0122, P < 0.001; Sp = 0.009). Clonal growth was found to be a rare event, supporting the monocarpy of this species. Subject areas: Population structure and phylogeography Key words: Atlantic Forest, clonality, fine-scale spatial genetic structure, inselbergs, microsatellite loci, paternity analysis In plants, gene flow through pollen and seeds is the first determinant of genetic diversity (Dick et al. 2008) , and these plants' propagules often show moderate to strong spatial restriction in their dispersal (Vekemans and Hardy 2004) . Hence, the formation of local pedigree structures, as a result of limited gene dispersal, and its balance with local genetic drift (dispersaldrift equilibrium), is probably the most prevalent causes of spatial genetic structure (SGS, the nonrandom spatial distributions of genotypes) (Vekemans and Hardy 2004; Hardy et al. 2006) . Nevertheless, in addition to the movement patterns of pollen and seeds, other factors such as the reproductive system, life form, population density, clonality, successional stage, and regeneration strategies have been suggested as possible causes of observed genetic structure (Vekemans and Hardy 2004; Alberto et al. 2005; Chung et al. 2005; Hardy et al. 2006; Ohsako 2010; Kettle et al. 2011) .
In plants, gene flow through pollen and seeds is the first determinant of genetic diversity (Dick et al. 2008) , and these plants' propagules often show moderate to strong spatial restriction in their dispersal (Vekemans and Hardy 2004) . Hence, the formation of local pedigree structures, as a result of limited gene dispersal, and its balance with local genetic drift (dispersaldrift equilibrium), is probably the most prevalent causes of spatial genetic structure (SGS, the nonrandom spatial distributions of genotypes) (Vekemans and Hardy 2004; Hardy et al. 2006) . Nevertheless, in addition to the movement patterns of pollen and seeds, other factors such as the reproductive system, life form, population density, clonality, successional stage, and regeneration strategies have been suggested as possible causes of observed genetic structure (Vekemans and Hardy 2004; Alberto et al. 2005; Chung et al. 2005; Hardy et al. 2006; Ohsako 2010; Kettle et al. 2011) .
Contemporary and historical estimates of gene flow can be achieved by both direct and indirect methods, with direct methods using exact genotypes (e.g., paternity/maternity analysis) and indirect methods using gene pool data (e.g., inference of SGS by spatial autocorrelation analyses, TwoGener method, genetic differentiation between populations-F ST ) (Smouse and Sork 2004; Vekemans and Hardy 2004; Hardy et al. 2006; Dick et al. 2008) . The parentage approach is interesting because it provides the numbers and frequency spectra of pollinating males for a single female, and the spatial distribution of those pollinating males (Smouse and Sork 2004) . Highly variable microsatellite DNA markers increased the precise of paternity assignments and have become the main marker for pollen dispersal studies (Dick et al. 2008) . Concerning with to SGS approaches, analyses of spatial autocorrelation allow the possibility of evaluating the genetic consequences of dispersal at small scales between and within populations, in contrast to F ST , for example, which only allows the evaluation of the impact of dispersal at larger scales between populations (Loiselle et al. 1995) .
Encholirium horridum L.B.Sm. (Bromeliaceae) is a species that occurs in dense populations exclusively on inselbergs in the Atlantic Forest biome in Brazil . Inselbergs are rock outcrops that are considered "terrestrial islands" due to their high degrees of isolation (Porembski and Barthlott 2000) and are interesting models for studies of gene flow. Characterizations of the genetic structure of bromeliads in those environments have indicated restricted gene flow between their populations (Sarthou et al. 2001; Barbará et al. 2007; Boisselier-Dubayle et al. 2010; Domingues et al. 2011; Palma-Silva et al. 2011) . Studies of SGS patterns within bromeliad populations have been restricted to a single evaluation of 4 species of Alcantarea (Barbará et al. 2008) . The authors detected high structure within most populations studied and suggested that the restricted seed and pollen dispersal, summed to biparental inbreeding and self-fertilization, are the probable factors responsible for the patterns observed. Estimates of gene flow through paternity analysis have not yet been performed for the family.
One interesting attribute of bromeliads that could directly influence their genetic structure patterns is the possibility of asexual reproduction by cloning. According to Benzing (2000) , 3 main growth and reproduction patterns can be identified in Bromeliaceae: 1) sympodial ramification by ramets, 2) monocarpy, and 3) monopodial growth with axial inflorescences. The inflorescences in types (1) and (2) are terminal, which implies the senescence of the individual after reproduction, while new rosettes are emitted by cloning in patterns (1) and (3). As bromeliads with axillary inflorescences always demonstrate associated vegetative growth (e.g., Dyckia and Hechtia) species that do not demonstrate clonal growth are always monocarpic. Polycarpy (or iteroparity) is the most common reproductive strategy within the Bromeliaceae, whereas monocarpy (or semelparity, see Young and Augspurger 1991) is rare (Benzing 2000) . An intermediate category, "semi-semelparity," refers to species with connected ramets, which are only seen among reproductive-aged individuals (Jabaily and Systma 2012 ). Semelparity appears to be favored in environments where climatic conditions are extreme, such as in deserts or on inselbergs (Young and Augspurger 1991; Jabaily and Systma 2012) , and a number of monocarpic bromeliads have been described from these habitats (Barbará et al. 2009; Jabaily and Systma 2012) . E. horridum has a terminal scape, which leads to the death of the individual after its reproductive episode, and no new rosettes were observed being emitted-which suggests that this species is not capable of clonal growth. This paper aims to evaluate patterns of pollen flow and within population genetic structure of the bromeliad E. horridum. Using paternity analysis, SGS evaluation, and genet identification approach, the following questions were addressed: 1) Is pollen flow pattern restricted in E. horridum, as has been observed in other Bromeliaceae species occurring on inselbergs? 2) If this restricted pattern is confirmed, will this species show strong and significant SGS? 3) Can the absence of clonal growth be confirmed in this species?
Materials and Methods

Species and the Study Area
Encholirium horridum occurs exclusively on inselbergs principally distributed within Espírito Santo State, Brazil, but populations have also been recorded from the states of Minas Gerais, Bahia and Rio de Janeiro . Studies of its reproductive biology (Hmeljevski 2013) have indicated that this species is allogamous and demonstrates partial self-incompatibility and is therefore dependent on pollinators for successful reproduction. Pollination is performed by both bats and hummingbirds. Seed morphology (long-caudate-winged seeds; Forzza 2005) indicates that the dispersal occurs by wind. However, most of the seeds can be seen dropped down very near the mother plant (personal observation), which suggested dispersal mainly by gravity. This species was recently included in the The Red Book of Brazilian Flora as an endangered species (Martinelli and Moraes 2013) . The principal threats to these plants are related to the degradation of inselbergs for extracting granite (Forzza et al. 2003) , predation of the rosettes and immature fruits by goats and cattle, and the invasion of the inselbergs by exotic grasses that facilitate frequent burning.
The present study was undertaken near Vila Pavão in northern Espírito Santo State, Brazil (18°38"S/40°35"W). A voucher specimen was deposited in the Rio de Janeiro Botanical Garden herbarium (Forzza 5794) .
Sampling
To estimate gene flow by pollen, all of the plants with flowers or initiating the development of inflorescences within an accessible area of the inselberg (~2 ha) were labeled and samples of their leaves collected in May 2010 during the initiation of their flowering period (31 seed rosettes). The leaf material collected was held over silica gel and stored at −20 °C. Mapping of the spatial distributions of the seed rosettes was undertaken by setting out parallel transects separated by 15 m (in a total area of 125 × 160 m), and subsequently establishing their x and y coordinates. The diameters of the collected seed rosettes varied from 40 to 100 cm. The seeds from 10 randomly chosen seed rosettes were collected in August 2010 within the marked study area (Figure 1 ) and were germinated in greenhouses using a substrate of washed sand mixed with topsoil. Thirty seedlings were sampled per seed rosette, although in some cases it was not possible to retrieve that many seedlings ( Table 2) .
To evaluate fine-scale SGS and identify the number of genets, a 7 × 7 m plot was installed in which leaf samples from all of the individuals were collected (196 individuals). These samples were held over silica gel and subsequently stored at −20 °C. The spatial distributions of the individuals were mapped according to their respective x and y coordinates as established from plot data ( Figure 2 ).
DNA Extraction and Genotyping
DNA extraction from the samples was performed utilizing NucleoSpin Plant II (Macherey-Nagel, Düren, Germany) and DNeasy Plant Mini Kit (QIAGEN, Valencia, CA) extraction kits. All of the samples were genetically characterized using 9 polymorphic nuclear microsatellite loci developed for E. horridum (Eh2A07, Eh2A08, Eh2A11, Eh2B09, Eh2C03, Eh2E02, Eh2E11, Eh1G03, Eh2G07; Hmeljevski et al. 2013 ). Fluorescent-labeled primers (FAM, NED, VIC, PET-Applied Biosystems, Foster City, CA) were used for genotyping in an ABI 3500xL automatic sequencer (Applied Biosystems). Locus amplification was performed individually, 
Statistical Analyses
Genetic Diversity Indices
Genetic diversity parameters were estimated by calculating the mean number of alleles per locus ( ), Â observed heterozygosity ( ), Ĥ o and expected heterozygosity ( ), Ĥ e and the inbreeding coefficient (F IS ). The statistical significance of F IS values was evaluated using 10 000 permutations. All of the parameters were analyzed using FSTAT v. 2.9.3 software (Goudet 1995) .
Gene Flow by Pollen
Estimated gene flow via pollen was obtained by paternity analysis using CERVUS 3.0.3 software (Kalinowski et al. 2007) . It was established, using Micro-Checker v. 2.2.3 software (van Oosterhout et al. 2004) , that the loci Eh2A08 and Eh2G03 had null allele frequencies greater than 0.05, and they were therefore excluded from the analyses. Simulations to determine the critical values of Δ (the difference in overall likelihood ratio scores between the 2 most-likely parents of an individual) were conducted using 100 000 repetitions, 0.01 as the proportion of loci mistyped, and 30 individuals as probable paternal candidates. The values 95% and 80% were used for the restricted and relaxed confidence intervals criteria, respectively, as suggested by Marshall et al. (1998) . Based on the results of the paternity analyses, we were able to estimate the rate of pollen immigration (m = number of seeds with undetermined paternity/total number of seeds), the pollen dispersal distance based on the localization of the maternal plant in relation to the pollinator plants within the study area, and the effective pollination neighborhood area, Â ep p = 2 2 πσ , where σ p 2 is the variance of the distances of the maternal plants in relation to the pollinator plants (Levin 1988) . Also, we estimated the number of pollen donors within the study area directly identified by counting (N p ), as well as the effective number of pollen donors adjusted, N ep * = 1/q gg *, where q gg * is the probability of a random pair of the progeny have the same father (Smouse and Robledo-Arnuncio 2005) adjusted by a correction factor developed by Nielsen et al. (2003) and (Scofield et al. 2010) . To determine if reproductive success (the number of seeds fertilized) was related to the distances between the paternal (pollinator) and maternal seed rosettes, their Spearman correlation coefficients were estimated using STATISTICA 7.0 software (StatSoft, Inc 2004).
Fine-Scale SGS
Analyses of the spatial distributions of the genotypes were undertaken based on estimations of the coancestry coefficients between pairs of plants within the distance classes, using the coancestry estimator (F ij ) proposed by Loiselle et al. (1995) , using SPAGeDi v. 1.3 software (Hardy and Vekemans 2002) . Allele frequencies of SGS dataset plus seed rosettes from paternity analyses was used as reference to test and quantify SGS, and the coancestry coefficients and their significances were tested using 10 000 permutations. Distance classes were defined in order that each contained the same number of pairwise comparisons. SGS magnitude was estimated using Sp statistic (Sp (1) is the mean coancestry coefficient of the first distance class (<1 m) and b log is the inclination of the F ij regression of the logarithmic spatial distance between individuals (Vekemans and Hardy 2004) .
Genet Identifications
The verification of the possible occurrence of genetically identical individuals was performed by identifying the different multilocus genotypes, clonal diversity (R), and by the probability of clonal identity (P sex , the probability of a given multilocus genotype being the consequence of distinct reproductive events; ). The analyses were performed using GENCLONE 2.0 software (Arnaud-Haond and Belkhir 2007) . R values will be zero when the samples represent a single clone and one (1) when there is maximum genotypic diversity (Dorken and Eckert 2001); estimates of P sex < 0.05 indicate a high probability that the samples are effectively clones .
In fulfillment of data archiving guidelines (Baker 2013), we have deposited the primary data underlying these analyses with Dryad.
Results
Genetic Diversity and the Inbreeding Coefficient
Among the seed rosettes and offspring, 8 loci were genotyped and demonstrated from 6 to 24 alleles; for the samples collected within the plot, 9 loci were genotyped and demonstrated up to 17 alleles (Table 1 ). The entire set of samples demonstrated high genetic diversity and low inbreeding coefficient values, with the exception of the loci EhA08, EhC03, and EhG03 in SGS samples, which demonstrated significative values of F IS (Table 1) , probably due to the presence of null alleles.
Pollen Flow
Based on the paternity analyses, the putative paternal pollen donor attributed to 218 of the 273 seeds that were genotyped (80%, Table 2) were growing within the sampling area. The other 20% of the seeds were fertilized with pollen from outside the collection area, but not necessarily from plants on other inselbergs. Only 3 seed rosettes (M14, M19, and M22) were not identified as pollen donors to at least one seed. The exclusion power of the markers used in the paternity analyses was very high (Pr(Ex 2 ) = 0.999), which resulted in a very low probability of cryptic pollen flow (i.e., the chance that one of the specimens that had its paternal donor identified within the sampling area was in fact from a paternal element from outside this area) of 0.03 (1 − 0.999 27 , where 27 correspond to the numbers of putative fathers within the sampling area; Dow and Ashley 1996) . As such, the number of seeds that could have had their putative paternal pollen donor wrongly identified within the sampling area could be 7 (218 × 0.03). This corresponds to only 3% (7/218) of a total number of seeds sampled.
The distances that the pollen moved, considering the distances between the maternal and paternal seed rosettes identified within the sampling area, varied from 3 to 156 m, with a mean of 45.5 m (Table 2, Figure 3 ). Approximately 85% of this pollen was transported for up to 60 m (Figure 3) , and there was a significant negative correlation (ρ = −0.351, P < 0.01, sample size = 16) between the number of seeds fertilized and the geographical distances between the maternal and paternal seed rosettes. The effective areas of pollination varied from approximately 815 to 19 500 m 2 , and that variation became quite evident when the geographical distributions of the maternal seed rosettes were examined in relation to the pollen donors (Supplementary Figure 1 online) . The number of pollen donors identified within the study area varied from 3 to 11 and the effective number of pollen donors adjusted from 1.2 to 17.3 ( Table 2) .
Fine-Scale SGS
Spatial correlation analyses revealed weak SGS (Figure 4) , with low F ij values varied from −0.0015 to 0.0122, resulting in a value of Sp = 0.009. Only the F ij value of the first class of distance (<1 m) was significant.
Genet Identifications
Only 2 of the individuals analyzed in the research plot were genetically identified as clones (Figure 2 , P sex < 0.001), resulting in a clonal diversity value of R = 0.99, a very close value to the maximum diversity value (Rmax = 1). This result suggests that clonal growth in E. horridum is a rare event.
Discussion
Restricted Gene Flow by Pollen
The results of the paternity analyses suggest that pollen dispersal in E. horridum occurs principally over short distances. Approximately 80% of the parents identified were situated within the sampling area (~2 ha), resulting in a mean pollen movement distance of approximately 45 m. There is a clear tendency for geographically closer plants to reproduce among themselves, as indicated by the significant negative correlation between the number of seeds fertilized and the geographical distances between the maternal and paternal seed rosettes. In spite of being less frequent, pollination over larger distances did occur, as 20% of the seeds did not have their apparent pollen donors identified within the study area. n: sample size of the offspring; numbers of seeds whose parents were identified within and outside the study area; m: pollen immigration rate; mean pollination distance within the study area; σ p 2 : variance of the distances of maternal plants in relation to pollinator plants; Â ep : effective pollination neighbourhood area; N p : number of pollen donors within the study area; q gg : probability of a random pair of the progeny have the same pollen donor; q gg *: q gg adjusted by a correction factor; N ep *: effective number of pollen donors adjusted. Pollinator behavior can determine the distances that pollen will be transported (Loiselle et al. 1995; Dick et al. 2008) , and factors such as the demographic structures of the populations and their phenology will also influence the effective pollen distribution distances (Degen et al. 2004; Dick et al. 2008) . In general, increasing of local flower density (number of open flowers on neighboring plants) and floral display size (number of open flowers per plant) lead to an increase in intraplant movements (i.e., in the rate of geitonogamy) and a decrease on the chance of cross-pollination for an individual flower, resulting in a shorter distances of pollen dispersal (Makino et al. 2007; Nattero et al. 2011) . In this way, the high floral display size observed in E. horridum (Hmeljevski 2013) in association with the high densities of their populations, favor sequential visitation of flowers of the same individual by pollinators and short flights between neighboring individuals, restricting the effective pollination area. These also agree with the medium mean values of the number of pollen donors within the sampling area and the effective number of pollen donors adjusted estimated in E. horridum (8 and 6.7, respectively), that were within the range to those presented by Smouse and Sork (2004) for species pollinated by animals (3-33).
Additionally, E. horridum demonstrates a mixed system of pollination, and differences were observed in the foraging behaviors of the floral visitors (trapline visits by bats, vs. the territorial behavior of hummingbirds, Hmeljevski 2013). The frequencies of visits by each pollinator class should therefore directly influence the effective pollination area, which would at least in part explain the variations in the estimated effective pollination areas (815 to 19 500 m 2 , Table 2 ) and the observed differences in the geographical distributions of the maternal seed rosettes in relation to the pollen donor seed rosettes (Supplementary Figure 1 online) .
Weak Fine-Scale SGS
Isolation by distance is an important consequence of restricted gene flow (Loiselle et al. 1995; Hardy and Vekemans 1999; Vekemans and Hardy 2004) and, within that framework, it would be expected that coancestry would gradually diminish with increasing geographical distance between pairs of individuals (Loiselle et al. 1995) . The formation of local family structures as a result of limited fine-scale spatial dispersal is probably the major cause of SGS (Vekemans and Hardy 2004) . In light of the short distances of pollen movement in E. horridum and the possible occurrence of isolation by distance at a local scale, a strong SGS would be expected to be detected. However, the opposite pattern was observed and was observed almost absence of structure within the population.
In some cases, low polymorphisms of genetic markers and limited sampling scales can result in the nondetection of SGS (Hardy et al. 2006) . The recommended informative content of the markers should be high (100 or more, as evaluated considering the total number of alleles minus the number of loci), and sample sizes of 200 or more individuals are indicated (Hardy et al. 2006) . In the present study, the value of the recommended informative content of the markers was 99 (108 − 9) and the number of individuals was 196, with both therefore being adequate.
Allogamy, the presence of a self-incompatibility system, and rare clonality are attributes of E. horridum that probably influenced the SGS pattern detected. Preferentially allogamous and self-incompatible species tend to demonstrate less structure (Vekemans and Hardy 2004) , in contrast to clonality, which increases structure at local scales Ohsako 2010 ). Monocarpy favors the nonoverlapping of generations, thus reducing both the probability of crossings between relatives (Kuss et al. 2008 ) and biparental inbreeding.
Another factor that strongly influences genetic structure is the seed dispersal pattern. Seeds that are dispersed over long distances favor lower SGS (Loiselle et al. 1995; Hardy et al. 2006; Dick et al. 2008; Harata et al. 2012) . In cases of an association between long-distance seed dispersal and limited pollen flow, structure would not be expected, principally because genetically close individuals would be spatially distant (Dick et al. 2008) . On the other hand, species with highdensity populations and short seed dispersal can also show diminished SGS due to the greater overlapping of the seed shadows (Hamrick et al. 1993; Chung et al. 2005; Hardesty et al. 2005) . In E. horridum most of the seeds falls near the mother plant (personal observation), which could contribute to erase the structure because of the mixing of seeds of different origins. Additionally, inselbergs have rigorous environmental conditions (Lüttge 2008) , including a high degree of insolation combined with high evaporation rates, and locally very restricted soil occurrence (Szarzynski 2000; Porembski 2007) . These abiotic features influence seedling establishment and decrease the probability of encountering adequate growth conditions following germination. In this scenario, a higher seed loss because of deposition in inadequate locations (Nathan and Muller-Landau 2000) and/or a high postrecruitment mortality could result in a weak SGS.
Anyway, the results of SGS presented should be interpreted cautiously due to the spatial scale of the sampling scheme in which it was measured (7 × 7 m plot). Vekemans and Hardy (2004) clearly showed that the sampling scheme influences expected kinship coefficients values between pairs of individuals in a given class of distance (F (r) ). The overall rates of decrease in F (r) distance computed from samples taken on a short spatial scale or on a wide spatial scale were similar, but the actual values of kinship and of the x axis intercept do differ substantially. On a short spatial scale, values of F (r) were substantially lower than on a more wide spatial scale. Therefore, it is possible that the scale used in this study was very small and could not detect a strong structure since, although pollen flow is restricted, a mean effective pollination distance of 45.5 m (ranging from 3 to 156 m) exceeds the scale of sampling.
Monocarpy
The high clonal diversity value detected (R = 0.99), allied to the fact that there were no observations in the field of the formation of clumps (i.e., a spatial aggregation of individuals with a variable number of rosettes in close proximity, whose genetic similarity is unknown; Hmeljevski et al. 2011) Metcalf et al. (2003) and Kuss et al. (2008) noted that 4 basic demographic functions in monocarpic species (growth, survival probability, flowering probability, and reproductive success) are strongly dependent on the sizes of the individuals. Flowering is activated after a size threshold has been attained (Metcalf et al. 2003) , which is probably associated with the accumulation of minimum quantities of the reserves necessary for a reproductive event (Young and Augspurger 1991) . They are generally perennial species that have long juvenile stages as a function of their slow growth (Young and Augspurger 1991) . This longevity serves as a buffer against reproduction in unfavorable years (Kuss et al. 2008) and provides a greater guarantee of reproductive success. In spite of their slow growth, populations of monocarpic species can potentially expand more rapidly than otherwise similar polycarpic species, because while the latter retain significant quantities of reserves for the continuity of the genet , semelparity is associated with greater fecundity (Young and Augspurger 1991) .
In summary, the results of the present study indicated that pollen flow in E. horridum is restricted. The combination of preferential allogamy, self-incompatibility system, and monocarpy, in addition to the possible influence of post-dispersal processes (such as the seed shadow, seed losses, and postrecruitment mortality), apparently contribute to its weak spatial genetic structure.
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